We used quantitative electron microscopy to determine the effect of precocious visual experience on the time course, magnitude, and pattern of perinatal synaptic overproduction in the primary visual cortex of the rhesus monkey. Fetuses were delivered by caesarean section 3 weeks before term, exposed to normal light intensity and day/night cycles, and killed within the first postnatal month, together with age-matched controls that were delivered at term. We found that premature visual stimulation does not affect the rate of synaptic accretion and overproduction. Both of these processes proceed in relation to the time of conception rather than to the time of delivery. In contrast, the size, type, and laminar distribution of synapses were significantly different between preterm and control infants. The changes and differences in these parameters correlate with the duration of visual stimulation and become less pronounced with age. If visual experience in infancy influences the maturation of the visual cortex, it must do so predominantly by strengthening, modifying, and/or eliminating synapses that have already been formed, rather than by regulating the rate of synapse production.
Perinatal and early postnatal development of the cerebral cortex in both monkeys and humans is characterized by a dramatic increase in the number of synaptic contacts followed by a gradual decline around puberty (1, 2) . The infantile phase of cortical development may be particularly susceptible to influences from the environment (3) (4) (5) (6) . This has been documented most convincingly for the primary visual cortex (V1 or Brodmann's area 17) , in which the role of visual experience in the development of synaptic connections is well established (5) (6) (7) (8) . However, the supporting evidence for this hypothesis is based primarily on experiments involving sensory deprivation or enrichment of the visual environment after natural birth (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The possible effects of visual stimulation on the development of the cortex in prematurely born animals has not been studied, although this subject has considerable implications for understanding the consequences of visual experience in preterm babies. Indeed, both stimulating and harmful effects of light on the immature human visual system have been postulated (19) (20) (21) . Damage of vision in premature infants could be inflicted by accelerating or retarding synaptic production, interfering with synaptic elimination and disrupting the proper sequential differentiation of neuronal connections.
The present study was designed to determine whether the timing or rate of synaptogenesis, which proceeds at a rapid pace during the first few weeks of postnatal life in the rhesus monkey, could be accelerated or otherwise changed by precocious exposure to visual stimulation. Rhesus monkeys were selected as subjects because of the availability of normative quantitative data on synaptogenesis in the visual cortex (refs. 1 and 22 ; unpublished data) and because neural organization and development in this species are similar to that in humans (24) .
MATERIALS AND METHODS
Eight rhesus monkey (Macaca mulatta) fetuses were delivered by caesarean section 3 weeks before term (postconceptual day 146 ± 2), and seven control animals were delivered at term (165 ± 2). All subjects had been separated from their mothers at birth and raised in a primate nursery with an ambient illumination level of 25-40 footcandles (2.7-4.3 lux) and a 14/10-hr light/dark cycle. Experimental and control monkeys were killed at equivalent postconceptual ages-1, 8, 14, 15, 20, 21 , and 22 days after the expected day of term (Table 1) . This schedule was selected so that the times of delivery and death coincided with the beginning (24) and completion (13) of ocular dominance segregation, respectively, and overlapped with the rapid phase of synaptogenesis in the visual cortex (ref. 22 and unpublished data). One animal was killed on the 144th gestational day to determine synaptic density in the visual cortex at the stage when premature monkeys were first exposed to light.
Following deep anesthesia and intracardial perfusion with aldehyde mixtures (25) , selected blocks of the visual cortex from the upper bank of the calcarine fissure were dissected. The tissue was embedded in Epon-Araldite and processed for electron microscopy. In each specimen, two radially oriented photomontages crossing through the entire cortical thickness were made of 100-120 overlapping electron micrographs printed at a final calibrated magnification of x 14,000. Each of these radial "probes" was subdivided into regular 20- ,um-wide intervals and all synaptic contacts were classified and counted. Synapses were identified by their pre-and postsynaptic parallel plasmic membrane appositions with a recognizable thickening of the postsynaptic membrane and the presence of at least two vesicles next to the presynaptic membrane (Fig. 1) .
Over 5000 synapses were counted in each monkey (except the 144-day embryo, where n = 1733), and the synaptic density per unit area of neuropil was estimated for each layer. Neuropil was defined as a fraction of the cortical tissue that included all axons, small dendrites, and glial processes and excluded neuronal and glial cell bodies, large dendrites, blood vessels, and all myelinated axons (26, 27) . Layers and sublayers of the striate cortex were delineated according to the scheme of Lund (27) . Synapses were classified into six categories by the nature of their postsynaptic structure (spine, shaft, soma) and the configuration of their membrane (symmetrical or asymmetrical) specializations (Fig. 1) . Finally, we measured the length of membrane specializations of synapses in layer IV with a Zeiss Videoplan image analyzer. We assumed that the shape most common for cortical synapses is a solid disk, and measured the longitudinal dimension of the postsynaptic membrane thickenings (synaptic lengths). The distribution of synaptic lengths was corrected according *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Anker and Cragg (28) and analyzed by a Smirnov test. The data from experimental animals and age-matched controls, in the form of frequency histograms for each class of synapse, were analyzed by the x2 test. The results for synaptic density were analyzed by a two-way analysis of variance with groups and age as factors, taking the average of all probes for a given animal as a single data point. The age was divided into two intervals: before and after the second postnatal week. Finally, the partial correlation method (29) was used to analyze the relationship between synaptic density, length of visual stimulation, and gestational age.
RESULTS
As expected from our previous studies (1, 22, 23) , synaptic density per unit of neuropil increased 4-fold from an initial value of 6.8 for the entire visual cortex and of 5.2, 8.0, 8.6, 7.5, 7.9, and 3.2 for layers I-VI, respectively, between gestational day 144 and postnatal week 3 in both groups of animals ( Fig. 2 and Table 1 ). A layer-by-layer statistical analysis of synaptic densities as a function of length of visual experience showed that prematurely delivered animals were not significantly different from their age-matched controls delivered at term. A significant increase of synaptic densities related to age was observed in all layers.* However, neither the difference between control and experimental groups nor the time-group interaction was statistically significant.t Thus, synaptic density at "term" in a premature animal *F and P values for changing of densities between two intervals (0 and 1 week versus 2 and 3 weeks): layer I, Fi1, 11) = 18.55, P < 0.01; layers II and III, FT(1, 11) = 4.84, P < 0.05; layers IVA and IVB, FT(1, 11) = 17.98, P < 0.01; layer IVC, FT{1, 11) = 13.78, P < 0.01; layer V, Fr(1, 11) = 8.51, P < 0.05; layer VI, FT(1, 11) = 12.19, P < 0.01; all layers, Fr(1, 11) = 11.68, P < 0.01. These classes of synapses can be further subdivided into asymmetrical (A and C) or symmetrical (B) and categorized according to the length of apposing membrane specializations. We defined asymmetry and symmetry of synaptic contacts only by referring to the thickness of the pre-and postsynaptic plasmic membranes, without using the size or shape ofthe synaptic vesicles in the terminal bouton. (D) Due to oblique cutting, some synapses could not be classified as either asymmetrical or symmetrical (arrow), and their number occasionally counterbalanced the fluctuations in density of other synaptic types. (Bars = 0.2 ,.m.) exposed to light for 3 weeks before term did not differ from that ofnewborn monkeys without any visual stimulation (Fig.  2) . Further, the lack of significant group differences underscores that precocious visual stimulation had no cumulative effect, since premature monkeys with 4, 5, or 6 weeks of visual experience had the same density of synapses as did their age-matched controls born at term that had 3 weeks less exposure. Finally, a difference in synaptic density between preterm and control groups (Fig. 2) could not be detected by combining all layers together.
Correlational analyses were performed to investigate the relation of synaptic density to the length of visual experience and gestational age. We found that synaptic density was positively correlated with both variables. To determine which of the independent variables was dominant (i.e., visual experience or gestational age), a partial correlation method was used (29) . This method allows an estimate of the extent to which the correlation of the dependent variable (density) with the individual independent variables (duration of visual experience/gestational age) results from the correlation between the independent variables themselves. The results in Table 2 demonstrate that synaptic density is related to gestational age (indicated by the significant rgV for individual layers and for all layers taken together), whereas the corre- lation of density with length of visual experience seems to result exclusively from the correlation of visual experience with gestational age (indicated by the nonsignificant and close-to-zero values of rv,g). Subscript v denotes length of visual experience and g denotes gestation age taken as independent variables. Correlation coefficient between the time of gestation and duration of visual stimulation equals 0.6303 (df = 13, P = < 0.05). Symbols * and t denote P < 0.05 and P < 0.01, respectively. Degree of freedom (df) equals 13 for rg and rv and 12 for rg v and rvg. Note the clear correlation of synaptic density with gestation age when v is held constant (coefficients rgv) and the lack of correlation between density and visual experiences when g is held constant (rvg), which implies correlation of synaptic density with gestational age but not with visual experience.
The ratio of axoshaft contacts vs. axospine contacts gradually decreased in layers IVA and IVB as a function of duration of visual experience, for both experimental and control groups, while for layer IVC the ratio increased. For example, the ratios for postnatal weeks 0 and 3 were as follows. Layer IVA: experimental group, 0.423/0.310; control group, 0.504/0.246. Layer IVB: experimental, 0.437/ 0.252; control, 0.421/0.282. Layer IVC: experimental, 0.380/ 0.606; control, 0.405/0.485. This increase was faster in the experimental group, resulting in significant differences for monkeys compared at 2 weeks [X2(1) = 8.31, P < 0.01] and at 3 weeks (P < 0.01). A more rapid decrease of the ratio in layer IVB in the experimental group resulted in a significant difference at 1 week [y2(1) = 8.78, P < 0.011.
The proportion of asymmetric vs. symmetric synaptic contacts on either dendritic spines or shafts was analyzed in more detail for layer IV because it receives the densest thalamocortical input (13, 27) and is the layer most susceptible to morphological changes following visual deprivation (9-18). In both control and preterm animals, we observed a higher proportion of asymmetric contacts on dendritic spines over a wide range of values (30-70%o) . The symmetric contacts represented a much smaller proportion and displayed less variation (5-15%). In contrast to absolute numbers in individual probes, the ratio of symmetrical to asymmetrical synapses on spines varied little and was similar in the experimental and control groups (Fig. 3) . The only exception was a significant difference in layers IVA and IVC (P < 0.05) for the pair of animals compared at postnatal week 3. However, the ratio of symmetrical vs. asymmetrical synapses on shafts showed significant differences for all layers at the initial stage of evaluation: layer IVA, 0 week, P < 0.05; IVB, 1 week, P < 0.01; IVC, 0 week, P < 0.001. These differences disappeared after 2 and 3 weeks, when the ratios for experimental and control groups merged.
Since it is well established that activity can influence the size of synaptic contacts (11, 17), we suspected that the sizes of synapses in animals born prematurely, and therefore exposed to visual stimulation for a longer time, would be different from those in animals born at term. Since we wished to evaluate differences in distributions in synaptic length as well as the population mean, the Smirnov test was used rather than parametric methods. Distributions of synaptic length in layer IVB, corrected according to Anker and Cragg (28) , are presented in Fig. 4 . Statistical analysis of the distributions in sublayers IVA, -B, and -C revealed that the main difference occurs at early ages (Fig. 5) . For both axospines and axoshafts in all layers, except axospines in layer IVC, there were significant differences (P < 0.05) between experimental and control animals. The differences were highly significant (P < 0.001) for 2-and 3-week-old animals in layer IVB. For synapses on spines and shafts in layer IVA, there was a significant difference at 3 weeks as well (P < 0.05). No other comparisons between experimental and control groups were significant. Thus, our data show an initial difference in the distribution of synaptic length, significant in five out of six cases, and all six control values were larger than in experimental animals. These differences tend to disappear with time, and the only differences remaining in 3-week-old animals were in layers IVB (axospines) and IVA (axoshafts).
DISCUSSION
In the normal rhesus monkey, synaptic density in the cerebral cortex increases rapidly above the adult level during the first 2 months after birth, before reaching a plateau and beginning its gradual decline (1). The ascending phase of synaptogenesis, which leads to substantial overproduction, has a highly predictable course in normal animals (1). We initially expected that precocious exposure to light would increase the rate of synapse production and elimination in the visual cortex, which in turn would change the synapse packing density, size, laminar distribution, and proportion of various classes of contacts. We also expected that the effects might be most pronounced in layer IV of area 17 because of the marked changes in some of these parameters in previous deprivation studies (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . To our surprise, we did not observe any change in the time course of synaptogenesis in the visual cortex. However, as expected we found statisti- Mean lengths (± SEM) of the synaptic contacts situated on spines and on dendritic shafts in sublayers IVA, IVB, and IVC of the primary visual cortex. All symbols are as in Fig. 3 . Between 200 and 400 synaptic lengths were measured in each animal. Significant differences were observed between term and preterm infants for all groups at time 0 (P < 0.05, Smirnov test) except for layer IVC spines and IVA shafts. Additionally, significant differences appeared at 3 weeks (P < 0.05) and for IVB spines at 2 and 3 weeks (P < 0.001). Note that in all six cases for time 0, control values were higher than for preterm, and five out of six comparisons revealed a significant difference that tends to disappear with time. cally significant, mostly transient, differences in the size, basic morphological characteristics, and proportion of various classes of synaptic contacts in the visual cortex.
One possible explanation for the lack of an effect of early visual stimulation on synaptic density is that the retinofugal connections are not sufficiently developed in prematurely born animals to produce an effect. This explanation is not compelling because the visual centers in rhesus monkeys, including the striate cortex, are highly differentiated and synaptically interconnected well before birth. For example, [3H]thymidine autoradiographic evidence indicates that the neurons of the retina (30), lateral geniculate nucleus (31) , and visual cortex (32) have completed their genesis during the first half of gestation. Further, the density of synaptic contacts in the retina (33) , the number of optic axons (34) and their segregation (24) and termination in the lateral geniculate nucleus (34) are well established by gestational day 146-the time designated for premature delivery. Although electrophysiological studies have not been performed on the visual system offetal monkeys, receptive-field properties ofcortical cells are quite mature in newborn monkeys (36) and can be assumed to be present before birth. Prenatal studies in other species support this conclusion. For example, the ganglion cells in the retina of the rat fetus are spontaneously active as early as 17 days in utero (37) , and optic axons in the fetal cat (which mature more slowly than that of the monkey) are capable of depolarization well before birth (38, 39) . Moreover, visually evoked responses can be elicited both in the retina (40) and in the occipital lobe (41) of 7-month-old preterm humans (who Proc. Natl. Acad. Sci. USA 86 (1989) 4301 are morphologically less mature than our preterm monkeys) (42) . The premature monkeys used in our study had clear optic media of the eye and showed a pupillary reflex and a blinking reflex as well as the ability to visually track the movement of large objects. Finally, our finding of morphological differences in cortical synapses between preterm and control animals testifies to the effect of visual stimulation.
The present results show that the ascending phase of synaptic development, which leads to synapse overproduction in the first 2 months of postnatal life, may be regulated by mechanisms that are relatively independent of the time of onset and duration of visual stimulation. Partial correlation analysis of synaptic density with gestational age and with visual experience clearly shows a significant correlation of density with gestational age and a lack of relationship with visual experience. This implies that the observed correlation of density with light exposure results from the intercorrelation of independent variables (gestational age and visual experience). None of the previous studies addressed this particular issue, as they were mostly concerned with sensory deprivation or enrichment of the visual cortex in animals during normal development (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . However, our conclusion is consistent with available information. (i) Synaptogenesis (ref. 22 and unpublished data) and the onset of segregation of the ocular dominance columns (24) in the primate neocortex begin several weeks before birth and initially proceeds in the absence of any light stimulation. (ii) The rate of synaptogenesis in normal animals displays a continuous increase that does not change at the time of birth (22) . (iii) The ascending phase of synaptogenesis in the visual cortex proceeds in parallel and reaches a peak of synaptic overproduction simultaneously in different cortical areas that serve diverse functions, indicating that synaptic density may be regulated by a common genetic or humoral signal (1) .
The present experiments do not dispute the role of visual experience in shaping axonal terminal fields or the pattern of synaptic architecture in the visual cortex. On the contrary, we observed clear alteration in size and proportions of various classes of synapses. However, our results indicate that visual experience is more likely to affect the competitive elimination or growth of already established synapses. This is in agreement with observations made in visual deprivation experiments (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and support the postulated role of activity in the stabilization of synaptic connections in other neural systems (3, 4, (43) (44) (45) . Our findings emphasize that endogenous activity and experience are separable factors with different roles and contributions to the developing brain.
The finding that cellular differences found in preterm monkeys gradually disappear is relevant to development and recovery of function in preterm humans. Unfortunately, it is difficult to relate our data on synaptogenesis in preterm monkeys to the possible effect of light on the visual system in preterm human babies. (i) There are substantial differences in health status and living conditions (19, 20) and in the methods of assessment of results from these two types of studies (21) . In addition, preterm humans usually have various pathological conditions that may directly or indirectly affect the maturation of the central nervous system (46) . (ii) The monkeys delivered before term in the present study were more mature than some preterm humans and thus may have been less susceptible to the pathological effects of visual stimulation. (iii) The literature dealing with the effect of prematurity on development of visual function in humans is often contradictory and difficult to assess. For example, both acceleration and delay in the development of various visual capabilities have been reported (47, 48) . The major problem, however, seems to be inconsistencies in the criteria used to estimate the age of infants: the time of the mother's last menstrual cycle, the conceptual age, the expected time of birth, and the actual birth date have been variously used in different studies. In instances when age is corrected to a uniform criterion, the development of certain visual functions in preterm humans correlates better with their estimated conceptual age than with the duration of their known visual experience (48) . If we assume that there is a relationship between the functional state and development of synaptic connections, psychophysical findings in preterm humans are in agreement with our findings.
